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Abstract 1 
Agricultural and mining activities contribute to metal inputs in freshwater ecosystems around 2 
the world, which can in turn bioaccumulate in biota such as fish. Monitoring of metals loads in biota 3 
thus provides insight into the concentrations of bioavailable metals within the environment. Little 4 
research has been conducted on the potential of Australian freshwater fish for biomonitoring metals. 5 
Within the Fitzroy Basin of Central Queensland, a major agricultural and coal mining region, three 6 
commonly-encountered fish taxa were analysed for tissue metal loads. Arsenic concentrations in 7 
Nematalosa erebi and Melanotaenia splendida splendida tissue were elevated (above Food Standards 8 
Australia and New Zealand (FSANZ) guidelines), with highest concentrations in N. erebi liver tissue 9 
(up to 5.14 µg/g). Lead concentrations were above the FSANZ guidelines in all three fish taxa 10 
analysed, with highest concentrations in Hypseleotrid full-body tissue (up to 5.99 µg/g). Selenium in 11 
M. s. splendida and N. erebi tissue was positively correlated with total selenium in water (p < 0.05; r 12 
= 0.68 and 0.87 respectively). Environmental boron, selenium and nickel concentrations were 13 
positively correlated with N. erebi liver tissue metals. N. erebi hepatosomatic index was negatively 14 
correlated with dissolved arsenic, manganese, and total phosphorus (in water). The results highlight 15 
that M. s. splendida and N. erebi yield bioindicators which are responsive to environmental metals, 16 
and thus have potential for use in biomonitoring metals. The two species are also widespread along 17 
the east coast of Australia, there is thus a strong potential for applying the results to other regions 18 
within Australia.  19 
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1 Introduction 20 
1.1 Metal Pollution in the Environment 21 
Anthropogenic metal pollution frequently results in detrimental impacts to aquatic ecosystems 22 
and human health. The Minamata Disease incident in Japan during the 1950s/60s due to mercury 23 
pollution from industrial activities (Takeuchi et al., 1962) stands out as a potent example. In Ontario, 24 
Canada, mercury discharge from industrial activities contaminated fish and wildlife in a river system 25 
(Shkilnyk, 1985), with methylmercury poisoning subsequently reported in local First Nations 26 
communities (Takaoka et al., 2014).  Fish collected from the same river system remained unsafe for 27 
human consumption decades later, containing tissue mercury concentrations several times above 28 
Health Canada guidelines (Kinghorn et al., 2007). Mining activities are also a major source of metal 29 
pollutants entering waterways (Dang et al., 2002; Hartman et al., 2005). In a major coal mining region 30 
in the USA, metal pollution from mining spoils resulted in lower species diversity (Hartman et al., 31 
2005), and greater incidences of fish deformities in affected streams (Lindberg et al., 2011).  32 
 In Australia, lead concentrations in fish collected near a major lead smelter and source of 33 
lead pollution exceeded Australian Health standards for human foods, flagging human health concerns 34 
due to the presence of major commercial fishing activities within the area (Edwards et al., 2001). In 35 
the Lake Macquarie estuary in New South Wales, the presence of heavy industrial activities such as 36 
smelting and coal-power generation (Syme et al., 1997) have resulted in elevated metal concentrations 37 
in both fish and sediment samples, compared with less-impacted estuaries nearby (Roach et al., 2008). 38 
Within the Fitzroy Basin of Central Queensland, the historical Mount Morgan Gold Mine, which 39 
operated from 1882 to 1990 (State of Queensland Government, 2016), continues to be a source of 40 
acid-mine drainage which contains high concentrations of metals such as Al, Cu and Zn (Taylor et al., 41 
2002). The acid-mine water is highly toxic, and has resulted in fish kills for kilometres downstream 42 
during rainfall and flow events (Taylor et al., 2002). 43 
Notably, much of the research on the impacts of metals and the related study of 44 
bioaccumulation in biota, has focused on point sources of pollution such as mines and smelters. 45 
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However, diffuse pollution sources such as agricultural activities are also a major contributor to 46 
metals entering waterways. Agricultural soils can contain high concentrations of metals (Naveedullah 47 
et al., 2013), which can accumulate through the application of products such as sewage sludge, 48 
manure and phosphate fertilisers (Nicholson et al., 2003; Oves et al., 2012). Use of copper-based 49 
fungicides has also resulted in accumulation of copper in agricultural soils in Europe (Bereswill et al., 50 
2012) and Australia (Pietrzak and McPhail, 2004; Wightwick et al., 2008). This accumulation of soil 51 
metals can present a problem to waterways adjacent to agricultural lands, as pollutants in agricultural 52 
soils can be transported by overland runoff into receiving waterways (Packett et al., 2009). 53 
Soil erosion, which is an environmental problem in agricultural regions such as the Fitzroy 54 
Basin (Dougall et al., 2009), can also contribute to metals pollution entering waterways (Quinton and 55 
Catt, 2007). This aspect of metals pollution has been poorly studied in Australia to date, though 56 
research into other pollutants such as sediment and nutrients is more established (Carroll et al., 1997; 57 
McKergow et al., 2001; Packett et al., 2009). Studies in the UK and China have linked agricultural 58 
runoff and soil erosion to increased metal concentrations in receiving waterways (Quinton and Catt, 59 
2007; Zhang and Shan, 2008). In the Fitzroy Basin, concentrations of nitrogen, phosphorus and 60 
pesticides in waterways is closely linked to the intensity of agricultural land use (Packett et al., 2009). 61 
The amount of recent rainfall and runoff from agricultural land also often coincides with spikes in 62 
pollutants in Fitzroy Basin waterways (Packett et al., 2009). In a recent monitoring program 63 
commissioned by the Queensland Government in 2014/15, rain and flow events were associated with 64 
influxes of highly turbid water with high concentrations of dissolved metals such as Al, Cu and Fe 65 
(BMT WBM, 2014, 2015).  66 
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1.2 Bioindicators of Pollution 67 
Despite the identification of various sources of pollution, and occurrences of poor water 68 
quality in the Fitzroy Basin recorded in monitoring programs, the impacts of metals pollution to the 69 
local ecosystem and fish populations remain poorly understood. Furthermore, monitoring of metals 70 
within waterways alone does not provide complete information on the bioavailable fraction of metals, 71 
which are in turn more likely to have biological impacts (Wagner and Boman, 2003). For example, 72 
organic Hg (e.g. methyl-mercury) is more likely to accumulate and cause toxic effects to fish than the 73 
inorganic form (Boudou and Ribeyre, 1985), monomeric inorganic Al is more toxic than more 74 
polymerised forms, due to the greater capacity of monomeric inorganic Al to bind to gill surfaces and 75 
damage gill function (Poléo and Bjerkely, 2000; Alstad et al., 2005), Fe2+ has greater toxicity to 76 
aquatic organisms than the Fe3+ form, and at high concentrations, causes oxidative damage to cells 77 
and organs (Bury and Grosell, 2003; Chen et al., 2011). 78 
To this end, monitoring of metal concentrations in biota could provide some insight into the 79 
concentrations of bioavailable metals within the environment, potentially allowing for the 80 
management of metals pollution before degradation of fish communities, the ecosystem, and human 81 
health occurs. Around the world, the potential use of fish in biomonitoring metals pollution has been 82 
demonstrated, for example, tissue metal and genotoxicity biomarkers in Aldrichetta forsteri 83 
(yelloweye mullet) and Sillago schomburgki (yellowfin whiting) were useful in monitoring 84 
environmental metal pollutants such as Cd, Cu and Pb (Edwards et al., 2001). Elsewhere, tissue metal 85 
assessments of Oreochromis niloticus (Nile tilapia) collected from industrial-effluent polluted areas 86 
within Lake Victoria, Zimbabwe demonstrated that fish collected from polluted areas accumulated 87 
greater concentrations of metals than those collected from control sites, highlighting potential human 88 
health implications of consuming fish from polluted areas (Birungi et al., 2007). Ecosystem 89 
monitoring frameworks such as the ‘Biomonitoring of Environmental Status and Trends’ (BEST) 90 
program in the USA also routinely monitored metals in the tissues of selected fish species, and this 91 
provided useful data to gauge the ecological risks of metals in fish tissue to piscivorous wildlife 92 
(Hinck et al., 2009). 93 
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Fish can bioaccumulate metals within their body tissue at up to several hundred times above 94 
the ambient environmental concentrations (Pourang, 1995; Rainbow, 1995), with metals tending to  95 
accumulate within vital organs such as the gills, kidneys and liver (Omar et al., 2013; Uren-Webster et 96 
al., 2013). At excessive concentrations, metals can result in organ damage (Omar et al., 2013). 97 
Pollution also causes observable changes in fish physiology and organ sizes, which can potentially 98 
function as environmental pollution bioindicators. For example, fish collected from polluted areas 99 
around a pulp mill in Canada tended to have larger livers, higher hepatosomatic index (HSI) and 100 
lower gonadosomatic index (GSI) than fish collected from reference sites (Khan, 2006). In metal-101 
contaminated lakes in Ontario, Canada, GSI in female yellow perch Perca flavescens was negatively 102 
correlated with selenium concentrations in tissue, and Fulton’s Condition Factor (FCF) was negatively 103 
correlated with cadmium concentrations in liver tissue (Pyle et al., 2005).  104 
In Victoria, Australia, Kellar et al. (2014) previously compared GSI and HSI in exotic 105 
freshwater fish species between reference and metal-contaminated sites, though no significant 106 
differences were found. In the Fitzroy Basin, lab-exposure of empire Gudgeon Hypseleotris 107 
compressa and Pacific blue-eye Pseudomugil signifer to metal-polluted coal mine wastewater resulted 108 
in reduced FCF and HSI in both species (Lanctot et al., 2016). To date, few other Australian studies 109 
have assessed the effects of metal pollution on the bioindicators HSI and GSI in Australian fish, 110 
though some studies have investigated the effects of other water quality measures such as dissolved 111 
oxygen (Flint et al., 2017a), and hydrocarbons (King et al., 2011). There is thus a notable lack of 112 
research that has assessed fish bioindicators across a metal pollution gradient in the Australian 113 
freshwater environment. Furthermore, little research to date has been conducted into identifying 114 
suitable Australian freshwater fish species for the biomonitoring of metals. Thus in this pilot study, 115 
the aims were to assess if three commonly-encountered native fish taxa could be used for the 116 
biomonitoring of environmental metals.  117 
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2 Materials and Methods 118 
2.1 Study Area 119 
The Fitzroy Basin is Australia’s largest east-draining river basin, encompassing an area of 120 
over 142,000 km2 (Christensen and Rodgers, 2005), it is also the largest basin flowing into the Great 121 
Barrier Reef lagoon (Packett et al., 2009). By land use, 89% of the basin is used for cattle grazing 122 
(QDSITIA, 2012), and in 2017, there were 36 active coal mines (Queensland Department of Natural 123 
Resources and Mines, 2017). The Fitzroy Basin has had a history of pollution from agricultural 124 
(Packett et al., 2009; Skinner et al., 1972) and mining activities (Taylor et al., 2002; Tripodi and 125 
Limpus, 2010), though the impacts of pollution on local biota remain poorly studied. 126 
Sampling sites were located at six waterways across the basin: Bingegang Weir, Comet Weir, 127 
German Creek, Isaac River, Scott Creek and Stockyard Creek (Fig. 1). At each waterway, two 128 
sampling sites were situated about 1km upstream/downstream of each other, and these sites were also 129 
separated by physical barriers to fish movement, such as weirs, natural sandbars/bedrock intrusions 130 
and road crossings. Six sites were located within the main river channels of their respective 131 
catchments (BWD and BWU located at the Mackenzie River; CWD and CWU at the Comet River; 132 
and IRD and IRU at the Isaac River). The remaining six sites were located in upstream creeks (GCD 133 
and GCU at German Creek; SCD and SCU at Scott Creek; and SYD and SYU at Stockyard 134 
Creek).The creek sites as well as CWD and CWU were all also located in close proximity to cattle 135 
grazing activities. 136 
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(2-column fitting image)  
 
Fig. 1. Map of the Fitzroy Basin, Central Queensland, Australia (outlined in black), showing sampling sites 
(grey circles) and major water bodies. Inset: Map of State of Queensland, Australia showing the Fitzroy Basin 
in grey. 
 
  137 
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2.2 Study species 138 
An important consideration for selecting a biomonitoring species is that the species should be 139 
common and abundant (Rainbow, 1995; Pusey et al., 2004). Thus fish taxa such as Nematalosa erebi 140 
(bony bream), Melanotaenia splendida splendida (eastern rainbowfish) and Hypseleotris spp. (carp 141 
gudgeons), which are widely distributed in the study area (the Fitzroy Basin) and throughout eastern 142 
Queensland (Pusey et al., 2004) were selected as the study species. Both N. erebi and the chequered 143 
rainbowfish Melanotaenia splendida inornata (closely related to M. s. splendida) have previously 144 
been used for biomonitoring metals pollution near a uranium mine site in the Northern Territory 145 
(Indo-Pacific Environmental, 2015). Another separate study near a different mine site (mining 146 
copper/uranium) in the Northern Territory also used N. erebi for biomonitoring metals (Jeffree et al., 147 
2014). 148 
Both M. s. splendida and N. erebi source their foods primarily from the benthic zone (Pusey 149 
et al., 2004), and could play an important role in the trophic transfer of metals from sediment into the 150 
food chain. None of the three test species are considered palatable for human consumption in the 151 
study area, though these species occupy low trophic levels and are preyed upon by other fish species 152 
(Davis, 1977; Pusey et al., 2004). N. erebi for example, forms a substantial proportion of the diet of 153 
Lates calcarifer (Davis, 1985) and Macquaria ambigua (Merrick and Midgley, 1985), thus, metal 154 
concentrations in such species may present an ecological risk to fish species which occupy higher 155 
trophic levels. N. erebi was also of interest as a test species because its large size at maturity (>150 156 
mm; Pusey et al., 2004) also means that organs are large enough to be dissected, allowing for single 157 
organ analysis and calculation of GSI and HSI.  158 
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2.3 Sample Collection  159 
Prior to collection of fish at each site, water and sediment samples were collected. The 160 
following variables were analysed: dissolved metals/metalloids in water and total metals/metalloids in 161 
river sediment – Ag, Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Mo, Mn, Ni, Pb, Sb, Se (total Se was 162 
analysed in water, not dissolved Se), U, V, and Zn; nutrients in water – oxides of nitrogen (NOX), 163 
ammonia (NH3), total Kjeldahl nitrogen (TKN), total nitrogen (TN), and total phosphorus (TP); and in 164 
situ physicochemical parameters of water – temperature, dissolved organic carbon (DOC), dissolved 165 
oxygen (DO), electrical conductivity (EC), pH, sulfates (SO4), and turbidity. 166 
 Two replicates of water and sediment samples were collected from each sampling site 167 
according to guidelines set out in the Queensland Monitoring and Sampling Manual 2009 168 
(Queensland Department of Environment and Heritage Protection, 2009). Surface water samples were 169 
collected and decanted into sterile sampling bottles provided by a National Association of Testing 170 
Authorities (NATA)-accredited commercial laboratory (ALS Environmental, 171 
https://www.alsglobal.com/au). Water samples for dissolved metals/metalloids and DOC analysis 172 
were field-filtered using a sterile 50 mL plastic syringe through a sterile 0.45 µm cellulose-acetate 173 
filter and a 0.9 µm pre-filter if required. Sediment was collected from the river/creek bank below the 174 
water surface in sterile glass jars provided by the commercial laboratory. Samples were kept 175 
refrigerated at 4 °C and transported to ALS Environmental for analysis at the end of each sampling 176 
trip. Following collection of water and sediment quality samples, temperature, DO, EC, pH and 177 
turbidity measurements were taken using a calibrated YSI 6920 V2 water quality multimeter (YSI Inc, 178 
Yellow Springs, USA). 179 
Hypseleotris spp., M. s. splendida and N. erebi individuals were caught over separate surveys 180 
during 2015/16 using various methods including seine-netting, box traps and electrofishing, along 181 
with gill-netting (which captured N. erebi individuals only). Fish to be retained were humanely killed 182 
in buffered MS-222, as per animal ethics conditions approved by the CQUniversity Animal Ethics 183 
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Committee. Retained individuals were kept on ice for several hours then frozen at -20 °C prior to 184 
laboratory analysis.  185 
M. s. splendida individuals were obtained from nine sample sites during a survey in April 186 
2015. Fish of this species are too small to allow for effective dissection of individual organs. Two 187 
individuals from each of the nine sites were analysed for metal/metalloid concentrations; in one 188 
specimen, the full-body tissue (henceforth referred to as ‘MSS-fullbody’) was analysed, whilst in the 189 
second individual, the viscera were dissected, such that the individual’s remaining body tissue 190 
(henceforth referred to as ‘MSS-carcass’) could be analysed separately from the visceral tissue 191 
(henceforth referred to as ‘MSS-viscera’). Thus there were a total of nine samples each for MSS-192 
fullbody, MSS-carcass and MSS-viscera (n = 9 for each). Hypseleotris spp. individuals were analysed 193 
from five sampling sites during a survey in April 2016. Two individuals from each of the five sites 194 
were analysed for metals/metalloids. Fish of this taxa are too small to obtain a sufficient visceral 195 
sample, as was done for the M. s. splendida individuals, thus full body tissue (henceforth referred to 196 
as ‘HYP-fullbody’) was analysed for all individuals (n = 10).  197 
N. erebi individuals were too large (>150mm) for full body analysis and their larger size 198 
provided an opportunity for individuals organ tissues to be analysed. N. erebi liver tissue (henceforth 199 
referred to as ‘NER-liver’) was selected for analysis, as metals have been recorded to be more 200 
concentrated in fish liver tissue compared with other tissue types (Canli and Atli, 2003; Papagiannis et 201 
al., 2004). N. erebi individuals were obtained from 15 sampling events. In total, 41 mature N. erebi 202 
individuals were caught (n = 41). Prior to dissection, N. erebi individuals were thawed, weighed and 203 
their total length measured to calculate FCF using the formula: (body weight/body length3) × 100. 204 
Dissection was conducted by cutting and removing overlying muscle and bone tissue to expose the 205 
visceral tissue. Care was taken to avoid cutting into the digestive tract to prevent contamination of 206 
organ tissue by gut contents. The liver from each individual was excised and placed in individual pre-207 
weighed acid-washed 20 mL glass vials. Each NER-liver sample was weighed in their glass vial on a 208 
weighing scale of ±0.0001g sensitivity, with the pre-weighed glass vial’s weight deducted to obtain 209 
the NER-liver weight, then capped with an acid-washed polyethylene cap. The HSI for each N. erebi 210 
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individual was then calculated using the formula: (liver weight/body weight) × 100. N. erebi gonad 211 
tissue was similarly dissected and weighed, and each individual’s GSI was calculated using the 212 
formula: (gonad weight/body weight) × 100. The N. erebi liver tissue was then kept frozen at -20 °C 213 
until subsequent laboratory analysis.  214 
All the tissue samples as described above were kept in individual 20 mL acid-washed glass 215 
vials, which were weighed, then capped and stored at -20 °C prior to further procedures. Tissue 216 
samples analysed for metals/metalloids thus included: NER-liver (n = 41; 15 sampling events); MSS-217 
fullbody (n = 9; 9 sampling events); MSS-carcass (n = 9; 9 sampling events); MSS-viscera (n = 9; 9 218 
sampling events); and HYP-fullbody (n = 10; 5 sampling events).   219 
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2.4. Fish Tissue Metals and Metalloids Analysis 220 
Prior to analysis, fish tissue was gently oven-dried within individual glass vials at 50 °C for 221 
72 h, to minimise loss of volatile metals/metalloids. Following drying, the tissue samples were re-222 
weighed to obtain their dry weight, and the glass vials were re-capped to keep moisture from entering 223 
the vials. The fish tissue samples were then sent to a NATA-accredited laboratory at Griffith 224 
University (Southport, QLD) for analysis. Metal/metalloid analysis in fish tissue was conducted using 225 
method EPA3052: in summary, microwave-assisted extraction of metals/metalloids was conducted 226 
using 0.25 g dry tissue in a combination of 9 mL concentrated HNO3, 2 mL concentrated HCl, and 1 227 
mL concentrated H2O2, then analysed using an inductively coupled plasma mass spectrometer.  228 
Fish tissue metal and metalloid concentrations were compared to the Food Standards 229 
Australia New Zealand (FSANZ) guidelines (Food Standards Australia New Zealand, 2016), which 230 
sets maximum concentrations of As, Cd and Pb in foods at 2.0, 2.0, and 0.5 µg/g respectively. Whilst 231 
the fish species and tissue analysed are not typically consumed by humans, in the absence of 232 
toxicological guidelines, the food standards guidelines provide the only available benchmark to 233 
compare metal/metalloid concentrations in fish tissues, and assess the potential risks of 234 
metals/metalloids bioaccumulation into fish species of higher trophic levels. 235 
2.5. Statistical Analysis  236 
Prior to statistical analysis, all data were log (x+1) transformed to achieve reasonable 237 
normalisation of the data. Environmental and tissue metals/metalloids for which all or most of the 238 
recorded concentrations were below or close to the limits of detection (LOD) were removed to avoid 239 
statistical artefacts in subsequent analysis. To visualise the differences in metal/metalloid loads 240 
between the different fish tissues types and species, a principal components analysis (PCA) plot was 241 
created using Primer-E version 7 statistical software (Plymouth, UK). To test if metal/metalloid loads 242 
between tissue types were significantly different, an analysis of similarity (ANOSIM) test was run in 243 
Primer-E. In summary, a resemblance matrix between samples was first created using Euclidean 244 
distance as the resemblance measure, before running an ANOSIM test on the resemblance matrix to 245 
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calculate an R-value and significance levels. An R-value of 1 in the ANOSIM test indicates perfect 246 
separation of groups (i.e. metal/metalloid loads in all tissue types are completely dissimilar), and vice 247 
versa for an R-value of -1. 248 
Spearman’s correlation analysis was used to test for statistically significant correlations 249 
between fish tissue and environmental metal/metalloid concentrations using SPSS 24 statistical 250 
analysis software (IBM, USA). Spearman’s correlation was also used to compare N. erebi 251 
bioindicators (FCF, GSI and HSI) to abiotic variables. Prior to correlation analysis, N. erebi 252 
bioindicators were averaged for each sampling event. N. erebi GSI was analysed separately for males 253 
and females.  254 
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3 Results 255 
3.1 Metal and Metalloid Concentrations in Fish Tissues  256 
Out of all NER-liver metals and metalloids analysed, mean Fe concentrations were the 257 
highest (up to 7620 µg g-1; Table 1), followed by Al (Al; up to 941 µg g-1). Mean As concentrations 258 
were above the FSANZ guideline at two sites during survey 1, and three sites during survey 2. Mean 259 
Pb concentrations were above the FSANZ guideline at two sites during survey 2. Mean Cd 260 
concentrations were all within FSANZ guidelines. Similar to results for NER-liver, the highest 261 
metal/metalloid concentrations were recorded for Al and Fe in all three M. s. splendida tissue types 262 
analysed (Table 2). Concentrations of Al and Fe were highest in MSS-viscera (10300 and 8050 µg g-1 263 
respectively), followed by MSS-fullbody; 1660 and 819 µg g-1 respectively) and MSS-carcass (141 264 
and 106 µg g-1 respectively). MSS-viscera As concentration exceeded the FSANZ guideline at three 265 
sites, MSS-fullbody Pb exceeded the FSANZ guideline at four sites, and Pb concentrations in both 266 
MSS-carcass and MSS-viscera exceeded the FSANZ at five sites. There were no exceedances of the 267 
Cd FSANZ guideline (for molluscs) in any of the M. s. splendida tissue samples analysed. Similar to 268 
M. s. splendida and N. erebi tissue, Al concentrations recorded were higher than all other 269 
metals/metalloids within Hypseleotrid full body tissue (HYP-fullbody; up to 443 µg g-1), followed by 270 
Fe (up to 330 µg g-1). Pb was above the FSANZ guideline at two out of five sites. There were no 271 
FSANZ exceedances for As and Cd in the HYP-fullbody samples analysed. 272 
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Table 1. Mean concentrations of metals/metalloids in Nematalosa erebi liver tissue NER-liver in µg g-1 (dry weight) by site, with n showing the number of tissue samples 273 
analysed from each site. Values in bold had metal concentrations above the FSANZ guideline for consumption of fish/molluscs by humans 274 
 Ag Al As B Ba Be Cd Co Cr Cu Fe Mo Mn Ni Pb Sb Se U V Zn 
Site Survey  n                     
BWD Apr 
2015 
4 0.19 42.6 3.74 2.20 0.72 <0.13 0.72 1.46 <0.61 28.4 1820 0.80 13.5 0.39 0.14 0.01 4.67 0.021 1.17 96.3 
BWU 4 0.01 26.7 1.15 <1.60 0.28 <0.13 0.46 0.38 1.40 13.9 757 0.75 10.6 0.37 0.10 0.01 2.91 0.004 0.37 125 
CWU 2 0.01 941 0.68 4.65 5.27 <0.13 0.08 1.14 1.58 4.21 2500 0.40 43.1 1.60 0.42 0.01 2.65 0.043 3.55 76.9 
GCU 1 0.05 57.5 0.70 10.1 1.15 <0.13 0.11 2.12 <0.61 11.6 1440 0.74 6.45 0.44 0.12 0.02 9.79 0.059 0.13 119 
IRU 1 0.21 185 2.92 2.73 1.70 <0.13 0.16 0.86 <0.61 25.7 667 0.67 41.5 0.45 0.10 <0.01 3.77 0.007 0.61 83.7 
SCD 4 0.31 172 1.07 5.11 1.13 <0.13 0.23 3.71 0.61 40.0 964 1.28 16.7 0.77 0.16 0.02 7.66 0.013 0.70 117 
SYD 4 0.21 36.0 0.90 7.52 1.04 <0.13 0.25 2.04 <0.61 43.9 2180 1.21 14.6 0.37 0.24 0.01 2.51 0.015 0.33 124 
SYU 4 0.04 12.6 0.94 1.60 0.35 <0.13 0.02 0.70 <0.61 21.8 623 0.89 4.55 <0.37 0.07 0.01 1.46 <0.003 0.06 74.8 
BWD Oct 
2015 
1 0.49 <13.2 5.14 <1.60 0.81 <0.13 0.25 0.58 <0.61 70.9 632 0.59 5.04 <0.37 0.06 <0.01 4.71 <0.003 0.35 127 
BWU 1 0.16 83.3 2.05 <1.60 0.85 <0.13 0.50 1.33 <0.61 62.4 1450 1.09 13.3 0.40 0.12 <0.01 6.29 0.026 0.72 158 
CWU 1 0.05 14.1 0.66 <1.60 0.53 <0.13 0.17 0.67 <0.61 27.6 1180 0.25 8.88 <0.37 0.08 <0.01 1.79 <0.003 0.47 68.2 
GCD 2 0.51 23.4 0.55 2.06 3.30 <0.13 0.12 1.86 <0.61 87.5 7620 1.47 11.6 <0.37 0.97 0.02 10.4 0.037 0.20 134 
SCD 6 0.30 74.3 1.03 7.94 0.87 <0.13 0.24 2.81 0.61 45.9 1130 1.06 24.5 0.57 0.12 0.02 6.6 0.011 0.48 128 
SCU 3 0.94 37.3 1.63 10.9 0.89 <0.13 0.20 1.84 <0.61 78.9 965 0.91 10.1 0.40 0.12 0.01 7.78 0.007 0.69 165 
SYD 3 0.06 388 2.68 26.8 10.2 <0.13 0.08 0.96 2.44 21.4 1560 1.38 94.9 1.64 0.60 0.04 0.48 0.015 1.43 137 
275 
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Table 2. Tissue metal/metalloid concentrations in µg g-1 (dry weight) in Melanotaenia splendida splendida and Hypseleotrids by site. M. s. splendida individuals were 276 
collected in Apr 2015, and Hypseleotrid individuals collected in Apr 2016. Values in bold had concentrations above the FSANZ guideline for consumption of fish/molluscs by 277 
humans. MSS-fullbody:M. s. splendida full body tissue; MSS-viscera: M. s. splendida viscera; MSS-carcass: M. s. splendida full body remains (without viscera); HYP-278 
fullbody: Hypseleotrid full body tissue 279 
Ag Al As B Ba Be Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn 
Site Tissue Type                     
BWD MSS-fullbody 0.04 552 0.41 <1.60 40.4 <1.30 0.01 0.59 1.03 14.3 478 32.3 0.15 1.11 0.24 <0.01 1.34 0.012 1.03 170 
CWD  <0.01 78.5 0.11 <1.60 14.0 <1.30 0.01 0.20 <0.61 4.20 106 10.1 <0.14 <0.37 0.16 <0.01 1.20 0.003 0.44 130 
CWU  0.01 949 0.25 <1.60 16.8 <1.30 0.04 0.52 1.30 4.48 756 33.3 <0.14 1.04 0.39 <0.01 1.02 0.019 1.95 144 
GCD  0.03 1660 0.41 1.97 85.7 <1.30 0.01 0.51 1.39 5.56 819 49.2 <0.14 0.72 1.30 <0.01 2.69 0.043 2.67 160 
GCU  0.08 568 0.37 <1.60 43.7 <1.30 0.02 0.49 <0.61 9.19 416 58.9 <0.14 0.39 0.58 <0.01 2.56 0.022 1.00 163 
IRU  0.02 323 0.37 <1.60 66.7 <1.30 0.02 0.62 <0.61 4.64 274 78.3 <0.14 0.45 0.87 <0.01 0.46 0.010 0.87 168 
IRD  0.03 267 0.42 <1.60 129 <1.30 0.03 0.80 <0.61 8.15 234 112 <0.14 0.53 0.62 <0.01 1.02 0.007 0.70 149 
SCD  0.03 208 0.14 <1.60 25.4 <1.30 0.02 0.26 <0.61 9.40 226 25.4 <0.14 <0.37 0.26 <0.01 1.24 0.015 0.83 145 
SYD   0.02 88.1 0.63 <1.60 28.8 <1.30 <0.01 0.30 <0.61 3.55 128 30.0 <0.14 <0.37 0.11 <0.01 <0.24 0.006 0.43 92.2 
BWD MSS-viscera 0.31 6210 1.86 36.0 1154 <1.30 0.25 4.63 11.4 127 5680 338 0.87 9.96 1.04 0.031 0.36 0.103 10.1 148 
CWD  0.21 81.7 0.19 2.75 8.78 <1.30 0.02 0.71 1.00 51.5 342 35.1 0.69 7.78 0.08 <0.01 0.47 0.008 0.71 182 
CWU  0.02 492 0.41 5.05 31.3 <1.30 0.09 0.56 0.88 15.6 549 58.3 0.54 1.14 0.10 <0.01 <0.24 0.078 3.82 164 
GCD  0.41 10300 2.99 11.2 92.5 <1.30 0.03 2.43 25.5 53.6 8050 238 0.59 14.9 5.43 0.13 1.95 0.201 15.2 204 
GCU  0.34 4670 1.85 5.13 501 0.32 0.02 1.75 3.40 72.9 3170 148 0.41 2.14 2.31 0.04 2.65 0.094 7.01 123 
IRU  0.17 2710 2.34 8.03 1063 <1.30 0.10 2.96 4.65 40.6 2340 402 0.88 4.42 0.83 <0.01 <0.24 0.044 5.46 211 
IRD  0.21 4440 2.47 18.1 1101 <1.30 0.24 4.49 5.79 43.4 3540 410 0.74 4.84 1.16 0.03 <0.24 0.075 7.84 128 
SCD  0.18 766 0.49 <1.60 89.4 <1.30 0.03 0.77 1.48 54.3 954 55.5 0.86 1.18 0.25 <0.01 2.52 0.013 1.72 146 
SYD  0.07 485 1.36 3.44 52.2 <1.30 0.01 1.05 <0.61 9.78 655 319 0.37 <0.37 0.22 0.03 <0.24 0.018 1.47 157 
BWD MSS-carcass 0.01 24.9 0.17 <1.60 24.8 <1.30 0.01 0.43 <0.61 5.14 53.3 48.1 <0.14 <0.37 0.14 <0.01 0.47 <0.002 0.3 132 
CWD 0.01 15.8 0.14 <1.60 49.9 <1.30 <0.01 0.20 <0.61 5.36 54.8 12.4 <0.14 <0.37 0.10 <0.01 1.05 0.004 0.78 159 
CWU <0.01 64.2 0.19 <1.60 9.48 <1.30 0.02 0.22 <0.61 3.57 107 22.7 <0.14 <0.37 0.09 <0.01 1.92 0.005 0.52 171 
GCD 0.02 141 0.27 <1.60 26.3 <1.30 <0.01 0.32 <0.61 4.51 167 47.0 <0.14 <0.37 0.95 <0.01 1.26 0.012 0.35 141 
GCU 0.01 57.4 0.12 <1.60 18.5 <1.30 <0.01 0.28 <0.61 3.45 72.2 33.3 <0.14 <0.37 0.23 <0.01 2.56 0.007 0.13 157 
IRU 0.02 34.4 0.34 2.32 29.1 <1.30 0.03 0.74 <0.61 6.11 57.0 103 <0.14 0.39 1.50 <0.01 1.10 0.005 0.61 186 
IRD 0.05 25.1 0.28 <1.60 30.2 <1.30 0.02 0.55 <0.61 4.76 44.1 70.6 <0.14 <0.37 0.77 <0.01 1.41 0.005 0.28 150 
SCD 0.01 55.6 0.18 <1.60 27.4 <1.30 0.01 0.34 <0.61 5.08 93.9 22.5 <0.14 <0.37 0.29 <0.01 1.66 0.010 0.60 178 
SYD 0.01 16.8 0.41 <1.60 24.6 <1.30 <0.01 0.23 <0.61 1.84 61.0 20.9 <0.14 <0.37 0.09 <0.01 0.40 0.004 0.19 164 
BWD HYP-fullbody <0.01 270 0.81 10.8 19.3 <0.13 0.03 3.32 0.44 1.86 185 0.29 17.5 1.41 0.19 0.05 <0.30 0.014 1.02 291 
BWU  <0.01 197 0.71 8.23 16.8 <0.13 0.06 3.02 0.62 1.97 159 <0.14 17.9 <0.37 0.27 0.01 1.15 0.012 0.84 255 
CWD  <0.01 48.1 0.33 <1.60 6.94 <0.13 0.03 4.39 0.57 0.71 70.9 0.21 20.1 0.95 5.99 0.04 2.95 0.004 0.58 183 
IRD  0.01 443 0.45 10.4 9.80 <0.13 0.05 3.96 0.62 2.31 330 0.36 34.1 1.43 0.31 0.03 1.40 0.011 1.04 223 
SYU  0.01 127 0.41 3.00 13.3 <0.13 0.01 2.73 0.65 13.6 215 0.34 66.8 1.05 0.78 0.05 1.14 0.010 0.56 217 
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The PCA plot of fish tissue metals/metalloids showed clear separation between some of the fish 280 
tissue types (Fig. 2). NER-liver samples separated from all other tissue types along the PC2 axis, and 281 
most MSS-viscera samples separated from all other tissue types along the PC1 axis. MSS-viscera had a 282 
much more dispersed cluster on the PCA plot, indicating larger variation in tissue metal/metalloid 283 
concentrations, and this was also observed to a lesser extent for MSS-fullbody samples. In contrast, MSS-284 
carcass samples were closely clustered together. Eigenvectors of tissue metals/metalloids showed that 285 
NER-liver was associated with comparatively higher Cu and Fe concentrations, and comparatively lower 286 
Ba and Mn concentrations than the other tissue types. MSS-viscera was most strongly associated with 287 
higher Al concentrations. 288 
(1.5 column fitting image) 289 
 290 
 291 
Fig. 2. Principal components analysis (PCA) plot of fish tissue metals/metalloids, showing important eigenvectors.  292 
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ANOSIM confirmed that metal/metalloid loads were significantly different between fish tissue 293 
types (p = 0.001), with an ANOSIM R-value of 0.66 indicating a high degree of separation between 294 
groups. Pairwise ANOSIM tests also showed metal/metalloid loads between all tissue types were 295 
significantly different from each other (all p-values < 0.05), with ANOSIM R-values ranging from 0.46-296 
0.84. Of all the tissue types analysed, metal/metalloid loads in MSS-carcass and NER-liver were the least 297 
similar to each other (ANOSIM R-value: 0.88; p = 0.001). Conversely, metal/metalloid loads in MSS-298 
fullbody and MSS-viscera were the most similar to each other (ANOSIM R-value = 0.46; p = 0.001). Of 299 
the three M. s. splendida tissue types analysed, metal/metalloid loads in MSS-viscera and MSS-carcass 300 
were the least similar to each other (ANOSIM R-value = 0.76; p = 0.001). Out of all environmental 301 
metals/metalloids analysed, total aqueous Se was significantly correlated with the most fish tissue types: 302 
it was positively correlated with Se in MSS-fullbody, MSS-viscera and NER-liver tissues (Table 3 and 303 
Fig. 3c, e and h) Of all tissue types analysed, NER-liver had the most correlations with environmental 304 
metal/metalloid concentrations: it was significantly positively correlated with dissolved B, total aqueous 305 
Se and sediment Ni. 306 
Table 3. Spearman’s correlation matrix of environmental metals vs. corresponding fish tissue metals in five fish 307 
tissue types. Only r-values of corresponding tissue and environmental metals with significant correlations are shown 308 
(p < 0.05). r-values with ‘*’ were significant to p < 0.01, and r-values with ‘**’ were significant to p < 0.001. 309 
‘Dissolved’ refers to dissolved metals (in water), ‘Total’ refers to total metals (in water), and ‘Sediment’ refers to 310 
total metals (in sediment). 311 
  Environmental Metal/Metalloid 
As 
(Dissolved) 
B 
(Dissolved)
U 
(Dissolved) 
Se  
(Total) 
As 
(Sediment) 
Ni 
(Sediment) 
Fish Tissue Type       
HYP-fullbody - - 0.90 - - -0.90 
MSS-fullbody - - - 0.68 - - 
MSS-viscera -0.73 - - 0.87* - - 
MSS-carcass - - - - -0.67 - 
NER-liver - 0.68* - 0.78** - 0.60 
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Fig. 3. Scatterplots of significantly correlated fish tissue metal/metalloid concentrations vs. environmental metal/metalloid concentrations, showing least-squares line of best 312 
fit and r-values 313 
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3.2 Nematalosa erebi Bioindicators 314 
Gonad tissue was dissected from 35 N. erebi for GSI analysis. 28 of the individuals were females 315 
(collected from 12 sampling events), and ten were males (collected from seven sampling events). N. erebi 316 
female GSI was significantly positively correlated with dissolved Zn (r = 0.59, p < 0.05; Fig. 4a), whilst 317 
N. erebi male GSI was strongly positively correlated with NH3 (r = 0.83, p < 0.05; Fig. 4b). N. erebi FCF 318 
(female and male combined) was significantly positively correlated with sediment Ni (Fig. 4c). N. erebi 319 
HSI was significantly correlated with four abiotic variables (Fig. 4d-g), it was significantly negatively 320 
correlated with dissolved As (r = -0.80; p < 0.001), and was significantly positively correlated with DO (r 321 
= 0.77; p < 0.001).  322 
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Fig. 4. Scatterplots of Nematalosa erebi bioindicators vs. significantly correlated abiotic variables, showing least-squares line of best fit and Spearman’s coefficient r-values. 323 
DO: dissolved oxygen; FCF: Fulton’s condition factor; GSI: gonadosomatic index; HSI: hepatosomatic index . For the full correlation table, see Appendix A. Supplementary 324 
Data Table S2. For data on FCF, GSI and HSI, see Appendix A. Supplementary Data Table S3325 
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4 Discussion 326 
4.1 Relationship between environmental pollutants and fish tissue and organ condition 327 
Both As and Pb were above the FSANZ guidelines (for fish tissue for human consumption) in 328 
several of the fish tissue samples analysed. In the present study, NER-liver Pb concentrations of up to 329 
0.97 µg g-1 were recorded, lower than a similar study in the Northern Territory (NT), Australia which 330 
recorded NER-liver Pb concentrations of up to 1.67 µg g-1 (Jeffree et al., 2014). In the present study, 331 
MSS-carcass tissue had As and Pb concentrations of up to 0.41 and 1.50 µg g-1 respectively, higher than 332 
a similar NT study which reported As and Pb concentrations of up to 0.12 and 0.43 µg g-1 respectively in 333 
M. splendida ‘trunk tissue’ (head, tail and viscera removed; Indo-Pacific Environmental, 2015). This 334 
suggests that Fitzroy Basin N. erebi populations have lower As and Pb contamination compared with 335 
populations in the NT, and vice versa for Fitzroy Basin M. splendida populations. The lack of Australian 336 
guidelines for freshwater fish health however, make it unclear whether the observed metal/metalloid 337 
concentrations in the fish tissues could have biological impacts. Chronic exposure to As (at 0.5 µM) is 338 
detrimental to fish immune function, increasing vulnerability to pathogenic infections (Datta et al., 2009). 339 
There is also evidence that As can biomagnify up the aquatic food chain (Barwick and Maher, 2003), thus 340 
the biological impacts of excessive fish tissue metal/metalloid concentrations could become compounded 341 
in fish species of higher trophic levels.  342 
Metal/metalloid concentrations were generally higher within MSS-viscera compared with MSS-343 
fullbody and MSS-carcass. The PCA plot of metal/metalloid concentrations also showed that MSS-344 
carcass had less variability in metal/metalloid concentrations compared with MSS-viscera, MSS-fullbody 345 
and HYP-fullbody. The gut contents present in the visceral tissue of the latter three tissue samples may 346 
have been the cause of the observed variability of metal/metalloid concentrations, though further research 347 
is needed to confirm if this was the case. No similar studies have been published for the study species, but 348 
in Mugil cephalus (flathead grey mullet) collected from Lake Macquarie, NSW, metals/metalloids 349 
concentrations tended to be higher in visceral organs such as the liver, kidneys, stomach and intestines, 350 
compared with muscle tissue (Kirby et al., 2001). Liang et al. (1999) demonstrated similar results in 351 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
23 
 
Cyprinus carpio (common carp) and also noted that undigested gut content in the fish digestive tract may 352 
introduce large variations in tissue concentrations which could confound results. The presence of gut 353 
contents could thus reduce the reliability and quality of data if used in a biomonitoring program. Thus, 354 
removal of the viscera and/or the digestive tract prior to analysis could aid in producing more 355 
biologically-relevant data on tissue metal/metalloid concentrations. Alternatively, fish could be kept 356 
unfed for a set time period to allow for clearing of gut contents prior to full body metals analysis, as has 357 
been conducted prior to analysis of full body pollutant loads in studies elsewhere (Kamunde et al., 2001; 358 
Chua et al., 2014).  359 
NER-liver was well-separated from the other tissue types in the PCA plot, suggesting that NER-360 
liver accumulates metals/metalloids differently from the tissue types studied in the two other species. 361 
Despite N. erebi being a detritivore (Humphries and Walker, 2013), little relationship was found between 362 
NER-liver and sediment metal/metalloid loads. A possible explanation could be due to the ability of  N. 363 
erebi to reduce uptake of metals into body tissue when chronically exposed to metals, as demonstrated in 364 
NT populations (Jeffree et al., 2014). However, in the present study, the significant positive correlation of 365 
dissolved B, total aqueous Se, and sediment Ni suggests that NER-liver tissue may still potentially be 366 
useful for the biomonitoring of such metals/metalloids in the Fitzroy Basin. N. erebi had significantly 367 
higher liver Ni concentrations and significantly lower FCF at sites with elevated sediment Ni 368 
concentrations, suggesting that sediment Ni may potentially have biological impacts on N. erebi. The 369 
relationship between FCF of Australian fish species vs. environmental and tissue metal/metalloid 370 
concentrations remains poorly researched, though a Portuguese study demonstrated that leaping mullet 371 
Liza saliens condition factor was lower in areas polluted by metals from industrial and urban sources 372 
(Fernandes et al., 2008). Whilst GSI of N. erebi males had a strong significant positive correlation with 373 
NH3, it is not known whether this is a causal or indirect relationship. The small sample size analysed for 374 
the GSI of N. erebi males (n = 10 from 7 sampling events), means that the result requires cautious 375 
interpretation. Furthermore, the use of GSI as a bioindicator will need to take into account natural 376 
seasonal variation, especially during periods of breeding. South-east Queensland N. erebi populations for 377 
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example have highest GSI values from October to March/April, and are not reproductively active during 378 
the colder winter months from June to August (Pusey et al., 2004). 379 
4.2 Suitability of Fish Species for Biomonitoring 380 
Overall, two fish tissue types were identified as potentially suitable for the biomonitoring of 381 
environmental metals/metalloids: NER-liver and MSS-carcass. Whilst biomonitoring using NER-liver 382 
was time consuming due to the need for dissection, dissection of N. erebi individuals yielded data on 383 
several bioindicators, including liver metals/metalloids, HSI and GSI. These bioindicators were 384 
significantly correlated with several environmental pollutants, which highlights their potential usefulness 385 
for biomonitoring. Future studies could also attempt to analyse metal/metalloid concentrations in the gills 386 
and kidneys, which can also accumulate metals, as demonstrated in other fish species (Omar et al., 2013; 387 
Rajkowska and Protasowicki, 2013). 388 
For M. s. splendida, removal of the viscera is recommended, and biomonitoring should focus on 389 
MSS-carcass tissue.  M. s. splendida individuals were present at all sites sampled, it was relatively easy to 390 
capture several mature individuals, and it was quick to process MSS-carcass to remove the viscera. 391 
Furthermore, M. s. splendida is widely distributed along the east coast of Queensland (Pusey et al., 2004), 392 
which highlights its potential for biomonitoring of metals/metalloids in other areas. However, analysis of 393 
HSI and GSI in M. s. splendida was not possible due to the very small size of the liver and gonad tissue in 394 
the specimens caught, making dissection difficult and inaccurate. Notably, MSS-carcass tissue only had 395 
one significant negative correlation with environmental metals/metalloids (sediment As), though this may 396 
have been a result of the small sample size (n = 9). A study with a larger sample size could better aid in 397 
ascertaining which metals/metalloids tend to accumulate in M. s. splendida body tissues, and confirm the 398 
species’ usefulness as a biomonitor of metals/metalloids. 399 
Hypseleotrids were not considered suitable for biomonitoring, as mature individuals are even 400 
smaller than mature M. s. splendida individuals, making it difficult to effectively remove all visceral 401 
tissue. Furthermore, the Hypseleotrid taxa is difficult to identify to the species level in the field, possibly 402 
contains undescribed species, and some closely-related species are extensively hybridised (Bertozzi et al., 403 
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2000). It is not known whether different Hypseleotrid species may accumulate pollutants at different rates, 404 
and this variation could confound results if attempting to monitor environmental metals/metalloids using 405 
this taxa. 406 
Around the world, fish bioindicators have been integrated into environmental monitoring 407 
programs, such as the Water Framework Directive in Europe (Sanchez and Porcher, 2009) and the BEST 408 
program in the USA (Hinck et al., 2006), in an effort to more holistically assess the ecological status of 409 
freshwater ecosystems. The present study also represents a step towards such efforts within the Fitzroy 410 
Basin (Flint et al., 2017b), providing further understanding of the relationship between abiotic and biotic 411 
aspects of the freshwater ecosystem. The fish species N. erebi and M. s. splendida have the potential for 412 
use in the biomonitoring of environmental pollutants, and could be the focus of a larger biomonitoring 413 
study across more sites and over a longer time period. In future, it may also be useful to assess the 414 
relationship between tissue/environmental metal loads and biomarker responses such as metallothionein 415 
and glutathione transferase activity, as conducted in studies elsewhere (Bervoets et al., 2013; Kellar et al., 416 
2014). Processing time and cost of analysis are also important considerations when choosing fish species 417 
and methods for the biomonitoring of metal and metalloid pollution.   418 
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Highlights 
 Tissue As and Pb concentrations were elevated in three species 
 Positive correlation between environmental and tissue Se and Ni in two species 
 Two Nematalosa erebi bioindicators were negatively correlated with environmental Ni 
 N. erebi and Melanotaenia splendida splendida have potential as metal biomonitors 
